Neonatal pain and stress induce long-term changes in pain sensitivity. Therefore their interrelation is a topical subject of clinical and basic research. The present study investigated the effects of inflammatory peripheral pain and stress of maternal deprivation (MD)-isolation in 1-2-and 7-8-day-old Wistar rats (P1,2 and P7,8 respectively, ages comparable to preterm and full-term human babies) on basal pain and pain sensitivity in conditions of inflammatory pain (formalin test) during adolescence. The neonatal impacts were: pain (formalin-induced, FOR in the paw), stress (a short 60-min MD), or pain+stress combination (FOR+MD), and appropriate controls. We found that stress of short-term maternal deprivation-isolation and inflammatory pain on P1,2 and P7,8 significantly increased the vulnerability of the nociceptive system to inflammatory pain. Maternal deprivationisolation on P1,2 as compared with a similar impact on P7,8 had a greater effect on pain sensitivity of the adolescent rats, but the influence of early pain was independent of the injury age. Only adolescent rats with an early combination of pain and maternal deprivation-isolation showed hypoalgesia in the hot plate (HP) test. However licking duration (reflecting pain sensitivity) in these rats did not exceed licking duration in animals exposed only to maternal deprivation-isolation or pain. This study adds new data to the growing body of work demonstrating that early noxious impacts have long-term consequences for the functional activity of the nociceptive system. Our new findings may help to understand the impact of pain and maternal separation in the neonatal intensive care unit.
Introduction
Сlinical and laboratory findings indicate that repeated neonatal noxious impacts may result in increased sensitivity to future clinical and experimental stimuli (3, 6, 13, 30, 33) . During the neonatal period, many physiological systems (including the nociceptive, endocrine and stress systems) undergo intensive development, with the result that they are especially vulnerable to noxious stimuli (2, 4, 18, 27, 32, 33) . There are different rodent models of long-term effects of neonatal injury on pain processing: repeated needle prick (3, 15) , neonatal hind paw plantar incision (30) , hind paw inflammation with agents such as car-rageenan (CAR), complete Freund's adjuvant (CFA) or formalin (4, 17, 20, 23, 24) . We will focus on the pattern of change in baseline inflammatory pain thresholds and pain responses to re-inflammation in later life. The results of long-term investigations of the effects of repeated neonatal pain on pain sensitivity have stimulated significant discussion (6, 27, 33) . In most studies, animals with early injuries showed hypoalgesia, a widespread whole body baseline inhibition of sensory and nociceptive thresholds, and hyperalgesia in the presence of ongoing inflammation (4, 23) . However hypoalgesia was not found in other studies (24) . There are reasons to assume that different mechanisms underlie these two opposite displays of early pain (4, 23) . Hypoalgesia, which presents regardless of the segmental level, is associated with more widespread mechanisms beyond the somatotopically organized nociceptive pathways of the dorsal horn, also involving the brainstem descending pain control system and the hypothalamic-pituitary-adrenal (HPA) system, whereas hyperalgesia involves sensitization of peripheral nociceptors and dorsal horn nociceptive neurons (23, 27) . The use of various chemical agents to induce early injury in rodents of different neonatal age and the dual (pain/stress) nature of neonatal noxious impacts may influence the long-term alterations in pain sensitivity. Although the sensitive period in regard to such long-term alterations is limited to the first 7-10 days of life in the rat (23) , the detection of a more precise age in neonatal rats and the study of the effects of pain and stress interactions in these animals would contribute to a better understanding of this important topic. We used 1-2-and 7-8-day-old rats (P1,2 and P7,8 respectively) since the functional activities of the nociceptive system (5, 10) and the HPA axis (25) are different in rats of these ages. The rationale of our choice for these two ages is justified by literature data indicating that the level of development of the newborn rat brain is similar to that of a 24-week premature human baby while 7-dayold rat pups have the maturity of a full-term neonate (2) . It can be assumed that the impact of early pain and stress of maternal deprivation at these different neonatal ages may influence differently pain sensitivity in the adolescent rats. Adolescence, like the neonatal period, is particularly sensitive to adverse events. The first onset of many stress-related psychopathologies, such as anxiety and depression, usually occurs in adolescence. Therefore, the investigation of stress reactivity characteristics in adolescent individuals with neonatal injuries is particularly important.
The aim of the present study was to investigate the effects of stress and/or inflammation-induced peripheral pain in neonatal male rats of different ages (on P1 and repeatedly on P2 or on P7 and repeatedly on P8) on the basal nociceptive sensitivity and pain sensitivity to inflammatory impact when the same rats are adolescents.
Materials and Methods

Animals
Wistar rats were obtained from the vivarium of the I.P. Pavlov Institute of Physiology (Koltyshi, Russia). The animals were mated (a male and three females in one cage) and pregnant rats were initially housed four per cage and then individually after the 17th day of pregnancy. The day of birth was designated as day 0 of life. The animals were maintained under standard conditions, with food and water available ad libitum. On postnatal day 1 the litters were culled to 8 pups per dam with an equal ratio of males and females if possible. Only male rats were used in this study. All experiments were performed in accordance with the European Community Council Directive of November 24, 1986 (86/609/EEC).
Experimental Design
There were four groups of rats exposed to the impacts on P1 and repeatedly on P2 and four groups exposed to the same impacts on P7 and repeatedly on P8. The impacts were: formalin-induced pain (FOR) and immediate separation from the nest and the d a m ( m a t e r n a l d e p r i v a t i o n ( M D ) -i s o l a t i o n ) (FOR+MD), (P1,2 n = 11, P7,8 n = 9, from 4 nests); only FOR, after which the pups were immediately returned to the nest and the dam (P1,2 n = 10, P7,8 n = 10, from 4 nests); injection of saline (SAL) and i m m e d i a t e m a t e r n a l d e p r i v a t i o n -i s o l a t i o n (SAL+MD), (P1,2 n = 7, P7, 8 n = 9, from 3 nests); only injection of SAL, after which the pups were immediately returned to the nest and the dam (P1,2 n = 12, P7,8 n = 12, from 4 nests). In preliminary experiments we found no differences between adolescent rats treated with SAL on P1,2 or P7,8 and intact animals (not exposed to any stimuli at an early age) in any of the tested parameters. Therefore the SAL rats were considered the main control group. The formalin concentration (2.5%), the volume of formalin or saline (0.5 µl), the site of injection (a single subcutaneous injection into the pad of the left hind paw) and the stress (maternal deprivation, with each pup placed singly in a small cage in a thermostat at 29-33°C for 60 min) were similar in the P1,2 and P7,8 rats. The experimenters were blinded to early life treatment.
At 25 days of age each rat was taken randomly from the nest and subjected to the hot plate test (HP), after which it was labeled using a weak solution of picric acid and returned to the nest to its dam. In 24 h, pain sensitivity was evaluated in the formalin test in all the rats.
Maternal Behaviors
Maternal behaviors (pup grooming, self-grooming and nesting time including crouching over pups) were recorded on P1,2 and P7,8 for the first 60 min after reunion in the FOR, FOR+MD, SAL, SAL+MD groups.
HP Test
Baseline nociceptive sensitivity was assessed using the HP test. The apparatus consists of a 25 × 25 cm metal HP surface set at 51°C, a Plexiglas cage that fits over the HP and a foot-switch timer. Latency to lifting the paw is usually considered an indication of pain threshold. HP latency was averaged from three trials with 10 min intervals between each trial. The testing apparatus was thoroughly cleaned between trials.
Formalin Test
The injection of dilute formalin into the paw induces the pain response consisting of two phases (8), believed to represent acute and persistent nociception respectively. The pad of the left hind paw was subcutaneously injected with 10.0 µl of 2.5% formalin (7) . After injection the rat was placed singly in a chamber (25 × 20 × 10 cm) with transparent glass walls. The licking duration of the injected left hind paw, which reflects pain sensitivity, was recorded during 60 min using a computer program. Each 3-min value of licking duration was averaged and analyzed in the first phase (the first two 3-min periods), the interphase (the third 3-min period) and the second phase (the fourth to twentieth 3-min periods) of the formalin test. The time-course of licking was plotted for each group of rats. Data on licking in FOR, SAL+MD and FOR+MD rats are presented with respect to SAL unless otherwise indicated.
Statistical Analyses
The licking data were analyzed using a mixed-model Analysis of variance (ANOVA) with the factors Treatment (SAL, SAL+MD, FOR, FOR+MD), Age of Treatment (P1,2, P7,8) and Time after formalin (within subjects, in the first phase, the first two 3-min periods; the interphase, the third 3-min period; the second phase, the fourth to twentieth 3-min periods). Two-way ANOVA with the factors Treatment (SAL, SAL+MD, FOR, FOR+MD) and Age of Treatment (P1,2, P7, 8 ) was used to analyze the effect of factors on maternal behavior, on HP latency and on the time-course in the formalin test. The least significant difference (LSD) test was used for post-hoc analysis and for testing simple effects when the interactions were significant. The data analysis was carried out with the SPSS Inc. software.
Results
Maternal Behaviors
Two-way ANOVA with factors, Treatment (SAL, SAL+MD, FOR, FOR+MD) and Age of Treatment (P1,2, P7,8) failed to find the effect of the factors on maternal behavior. Maternal grooming of pups was similar in all the groups (SAL, FOR, SAL+MD, FOR+ MD) and there were no significant differences in nesting time among the groups (SAL, FOR, SAL+MD, FOR+MD) regardless of the age of treatment (P1,2 (Table 1) .
HP Test
Two-way ANOVA with the factors Age of Treatment and Treatment revealed a significant effect of Treatment [F(3,132)=12.6, ***P < 0.001]. In rats of both treatment ages, the values were higher in FOR+ MD than in SAL, FOR and SAL+MD (***P < 0.001) (Fig. 1) .
Formalin Test
Mixed ANOVA was performed with the factors Age of Treatment (P1,2, P7, The post-hoc analysis revealed an increase in licking duration in SAL+MD rats exposed on P1,2 in the first (***P < 0.001 and **P < 0.01) and the second (*P < 0.001, **P < 0.01, *P < 0.05) phases ( Fig.  2A) and in SAL+MD rats exposed on P7,8 in the second phase ( ++ P < 0.01) ( (Fig. 2A) . Licking duration increased in FOR rats exposed on P1,2, in the first (***P < 0.001 and *P < 0.05) and the second (*P < 0.05 and **P < 0.01) phases (Fig. 2B ) and in those exposed on P7,8, in the first ( ++ P < 0.01) and the second ( + P < 0.05, ++ P < 0.01, and +++ P < 0.001) phases. In FOR+MD animals exposed on P1,2, licking duration increased in the second phase (*P < 0.05) and in those exposed on P7,8, in the first phase ( + P < 0.05) (Fig. 2C) . Licking duration was higher in SAL+ MD than in FOR+MD rats in the first phase ( # P < 0.05) and the second phase ( ## P < 0.01, the fifth, # P < 0.05, the sixth and eleventh 3-min periods) in P1,2 animals (Fig. 2, A and C, for comparison) . There were no significant changes in the interphase (the third 3-min period) in rats of all groups.
Discussion
This study is the first to examine the effects of early repeated inflammatory peripheral pain or shortterm MD-isolation or their combination at different neonatal ages of the rat (on P1 and repeatedly P2, or on P7 and repeatedly P8) on pain sensitivity to similar inflammation when the rats are adolescents. The findings indicate that both MD-isolation and pain significantly increased (compared to controls) the vulnerability of the adolescent nociceptive system in the formalinMD-isolation on P1,2 icreased pain sensitivity in adolescent rats significantly more than a similar impact on P7,8, whereas early pain increased pain sensitivity regardless of the age at pain injury. Unexpected results were obtained in the adolescent rats exposed to a combination of early pain and MD-isolation regardless of age, their pain response did not exceed that of the rats exposed to early pain or stress of maternal deprivation-isolation (indeed the response of the latter rats was even greater). We used for the first time short-term MDisolation as a stress impact in contrast to the commonly used long maternal separation (21, 22) . Our data indicate that neonatal short-term maternal deprivation-isolation increases the vulnerability of the nociceptive system to acute and inflammatory tonic pain when the animals are adolescents to a greater extent in rats exposed to this impact on P1,2 than on P7,8. According to the literature, maternal care of pups could reduce noxious impact and result in a beneficial effect on the nociceptive system (17). However we failed to observe any greater care given by the dams to pups of any one of the groups. We assume that most probably the absence of access to the nest, dam and littermates on P1,2 could increase the probability of an HPA stress reaction in the animals, with unfavorable long-term consequences on brain development (14) , including areas involved in nociception. In newborn rats the HPA axis can respond to stress by a rise FOR, (C) FOR+MD. *P < 0.05, **P < 0.01, ***P < 0.001 FOR, SAL+MD, FOR+MD vs. SAL in rats exposed to these experimental conditions on P1,2; + P < 0.05, ++ P < 0.01, +++ P < 0.001 FOR, SAL+MD, FOR+MD vs. SAL in rats exposed to these experimental conditions on P7,8; # P < 0.05, ## P < 0.01, SAL+MD vs. FOR+MD (A and C for comparison) in rats exposed to these conditions on P1,2; ^ P < 0.05, ^^P < 0.01, SAL+MD rats exposed to these conditions on P1,2 vs. on P7,8 (A).
in the level of corticosterone, since the stress hyporesponsive period (SHRP) of the HPA only begins on P4 (25) . An elevated level of corticosterone in response to stress can influence the development of the stress system and later lead to changes in the response to FOR. The literature data show that early-life stress in rats both decreases the nociceptive threshold and enhances inflammatory mediator-induced hyperalgesia in adults (12) . Interestingly, neonatal handling provides resiliency in the stress hormone response to stressors in the adult which can be associated with changes in several neurotransmitter systems within the central nervous system (CNS) (1) .
In contrast to the effect of neonatal stress, the consequences of early inflammatory pain did not depend on the age of pain injury, since an increase in licking duration was similar in the adolescent P1,2 and P7,8 rats. The increase may be associated with peculiarities of the functioning of the serotoninergic and opiodergic systems and sex hormones at these ages or with the reaction of adolescent rats to pain/stress in the formalin test. It should be noted that clinical studies in humans have demonstrated greater pain sensitivity in preterm neonates than in full-term ones who had required neonatal intensive care (13, 30) .
Interestingly, hypoalgesia in the HP test was found in rats exposed to FOR+MD on both P1,2 and P7,8, but neither early pain nor maternal deprivation alone evoked hypoalgesia in the adolescent rats. Probably different early impacts can differently affect the development of the brainstem descending pain control system. The impact of early injury on the brainstem descending pain control system requires further investigation (6) . It is believed that hypoalgesia forms a backdrop to local enhancement of pain sensitivity, and baseline hyposensitivity emerges in 4-5-week-old rats (17, 23) . In our experimental conditions, 25-day-old FOR+MD rats already revealed hypoalgesia. However our data obtained after the HP test, in the formalin test, showed that the formalininduced pain response in adolescent FOR+MD rats was not higher than that in rats exposed only to early pain or maternal deprivation. This interesting phenomenon, the lesser pain response in adolescent animals with the greater overall neonatal impact, may be associated with the effect of the neonatal and adolescent stress experience interaction ("match-mismatch" hypothesis) (26) and is worthy of attention for the investigation of hypo-and hyperalgesia mechanisms following early impacts.
Neonatal injury is known to increase the strength of descending inhibition from the rostroventromedial medulla (34) and to modulate the endogenous opioidergic tone in the adult CNS (17) . Although definite mechanisms of adverse influences in early life on nociceptive pathways are not known, they could be mediated by the HPA axis, which affects the b r a i n s t e m d e s c e n d i n g p a i n c o n t r o l s y s t e m s and thus influences neurophysiological mechanisms underlying the perception of pain (27) . A rodent model of early life pain suggests that inflammatory pain experienced on the day of birth significantly decreases adult somatosensory thresholds and responses to stress-and pain-provoking stimuli and alters regulation of the HPA axis in part through permanent upregulation of central endogenous opioid tone. The nociceptive and HPA systems are in a state of excessive developmental plasticity early in postnatal life and they work in concert to respond to noxious stimuli (28, 29) .
We cannot compare our results with the available literature data since only the influence of much more prolonged maternal deprivation has been studied on different types of behavior or HPA axis development (21, 22) . Data on links between early maternal separation and pain sensitivity are very inconsistent. A recent meta-analysis reported that early maternal separation causes a significant overall decrease in sensitivity to nociceptive thermal stimulation involving HP and/or tail-flick tests in rodent offspring (9) . The review underscored important sampling and methodological considerations that can effect associations between maternal separation and pain sensitivity.
In our conditions, the rats were subjected not only to short-term maternal deprivation but, for the first time, also to isolation from the littermates and the nest. It is believed that gonadal hormones can, at least partially, determine the effect of glucocorticoids on various systems, since they modulate HPA axis functions throughout ontogeny (11, 19) .
Moreover, clinical findings demonstrate that a long-term association between early pain-related stress and cortisol are mediated by a genetic variant, suggesting possible involvement of stress/inflammatory mechanisms in HPA programming, at least in boys born very preterm (13) . It was underlined in a recent review that an important topic for future investigation is the complex interactions between stress and pain during early life and how these interactions shape nociceptive processing throughout development (33) . It is important also to investigate early life noxious impacts on pain sensitivity of females. The present data obtained on male rats is in line with the work performed on rats of different sexes (16) . The authors demonstrated that nociceptive influences of repetitive needle pricks during the first postnatal week have a specific effect in inflammatory mechanical hypersensitivity in male rats later in life.
Our study presents new evidence that inflammatory peripheral pain and short maternal deprivationisolation in the neonatal period of the rat (at ages comparable to preterm and full-term human babies) increase pain sensitivity to peripheral inflammatory pain during adolescence. Hence, this study suggests that preterm infants may be more vulnerable to maternal isolation than full-term infants. The data on the effects of a combination of two early impacts raise issues concerning the influence of pain and stress interactions in preterm and full-term infants on their pain sensitivity in later life. This study adds new results to the growing body of work demonstrating that early noxious impacts have long-term consequences for the functional activity of the nociceptive system.
